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This study analyzes source apportioned methane (CH4) emissions and atmospheric mixing ratios in
northern California during the Discover-AQ-CA ﬁeld campaign using airborne measurement data and
model simulations. Source apportioned CH4 emissions from the Emissions Database for Global Atmo-
spheric Research (EDGAR) version 4.2 were applied in the 3-D chemical transport model GEOS-Chem and
analyzed using airborne measurements taken as part of the Alpha Jet Atmospheric eXperiment over the
San Francisco Bay Area (SFBA) and northern San Joaquin Valley (SJV). During the time period of the
Discover-AQ-CA ﬁeld campaign EDGAR inventory CH4 emissions were ~5.30 Gg day1 (Gg ¼ 1.0  109 g)
(equating to ~1.90  103 Gg yr1) for all of California. According to EDGAR, the SFBA and northern SJV
region contributes ~30% of total CH4 emissions from California. Source apportionment analysis during
this study shows that CH4 mixing ratios over this area of northern California are largely inﬂuenced by
global emissions from wetlands and local/global emissions from gas and oil production and distribution,
waste treatment processes, and livestock management. Model simulations, using EDGAR emissions,
suggest that the model under-estimates CH4 mixing ratios in northern California (average normalized
mean bias (NMB) ¼ 5.2% and linear regression slope ¼ 0.20). The largest negative biases in the model
were calculated on days when large amounts of CH4 were measured over local emission sources and
atmospheric CH4 mixing ratios reached values >2.5 parts per million. Sensitivity emission studies con-
ducted during this research suggest that local emissions of CH4 from livestock management processes are
likely the primary source of the negative model bias. These results indicate that a variety, and larger
quantity, of measurement data needs to be obtained and additional research is necessary to better
quantify source apportioned CH4 emissions in California.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).. Johnson).
access article under the CC BY-NC1. Introduction
Methane (CH4) is the second most abundant greenhouse gas
(GHG) in the Earth's atmosphere and has a radiative forcing of
~0.5 W m2 (Ramaswamy et al., 2001; Forster et al., 2007). The
average global atmospheric mixing ratio of CH4 is presently-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
CH4 ﬂux inventories applied in GEOS-Chem.
Flux type Inventory Descriptiona References
Agricultural soils and waste
burning
EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Biomass burning GFED3 1.0  1.0
monthly
van der Werf et al.
(2010)
Energy manufacturing
transportation
EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Enteric fermentation EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Fossil fuel ﬁres EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Fugitive from solid (coal) EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Gas production and
distribution
EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Industrial process and
product use
EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Manure management EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Oil production and reﬁneries EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Residential EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Rice EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Road and non-road
transportation
EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Termites GEOS-
Chem
0.5  0.67
monthly
Fung et al. (1991)
Waste (solid and waste
water)
EDGARv4.2 0.1  0.1
monthly
EDGAR v4.2
Wetlands (swamps, bogs,
tundra)
GEOS-
Chem
0.5  0.67
monthly
Pickett-Heaps et al.
(2011)
a All emission datasets were re-gridded to the nested GEOS-Chem resolution
(0.5  0.67).
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dustrial levels (Etheridge et al., 1998; Dlugokencky et al., 1998).
Increasing CH4 mixing ratios can impact climate in multiple ways:
directly through the increase in absorbing capacity of infrared ra-
diation and indirectly through the enhancement of tropospheric
ozone (O3) and stratospheric water vapor (Denman et al., 2007).
CH4 currently contributes ~15% of global anthropogenic GHGs
emitted annually, and its global warming potential (GWP) is ~25
times larger than carbon dioxide (CO2) (Forster et al., 2007).
Therefore, understanding CH4 emissions, transport, and chemical
transformation is an important aspect of atmospheric chemistry
and climate research.
Current estimates of global CH4 emissions range from 500 to
600 Tg yr1 (1 Tg¼ 1012 g) (Denman et al., 2007; Dlugokenchy et al.,
2011). Anthropogenic emission sources (e.g., domesticated animals,
rice cultivation, natural gas leakage, oil production, coal mining,
and biomass burning) contribute ~50e75% of total global CH4 while
natural sources (e.g., wetlands, termites, oceans) contribute
~25e50% (Denman et al., 2007). California currently contributes
~1.5 Tg yr1 of total CH4 (~1.3e2.0 Tg yr1 (Emissions Database for
Global Atmospheric Research (EDGAR), 2011; California Air
Resources Board (CARB), 2011)). To counteract increasing GHG
mixing ratios, the state of California passed the California Global
Warming Act of 2006 (Assembly Bill 32 (AB-32)) (CARB, 2013). This
requires that by the year 2020 GHG emissions from California must
be reduced to 1990 levels. To quantify GHG ﬂuxes “bottom-up”
emission inventories are routinely compiled with spatial extents
ranging from global, regional, and for the state of California (e.g.,
EDGAR, United States Environmental Protection Agency (EPA) na-
tional inventory (EPA, 2013), and California Greenhouse Gas
Emissions Measurement (CALGEM) Project (http://calgem.lbl.gov/),
CARB's GHG inventory). While the major emission sources of CH4
have been evaluated in these inventories, uncertainties remain
because many factors contributing to these processes are poorly
quantiﬁed. One major aspect contributing to the uncertainty in CH4
emissions is the poor understanding of the relative contributions of
individual emission source types (e.g., Bridgham et al., 2013).
Recent research calculating “top-down” emissions of CH4 in Cali-
fornia have suggested that existing emission inventories (e.g.,
CALGEM and EDGAR) under-estimate total CH4 emissions in Cali-
fornia (e.g., Zhao et al., 2009; Jeong et al., 2012, 2013; Miller et al.,
2013; Wecht et al., 2014). These studies suggest that industrial
processes in urban regions and ruminant/livestock emissions in the
San Joaquin Valley (SJV) could be the sources of emission inventory
and model-predicted under-estimations of CH4 in California.
Aircraft measurements, used in conjunction with atmospheric
transport models, have been shown to provide valuable data for
estimating CH4 emissions in California (e.g., Zhao et al., 2009; Jeong
et al., 2012, 2013; Miller et al., 2013; Wecht et al., 2014). To assess
the magnitude and spatial distribution of CH4 mixing ratios,
airborne measurements of CH4 were made as part of the Alpha Jet
Atmospheric eXperiment (AJAX) over the San Francisco Bay Area
(SFBA) and SJV during the Discover-AQ-CA ﬁeld campaign (January
15, 2013 through February 10, 2013). To assist in alleviating the
uncertainty of the relative contributions of individual emission
sources to total CH4 mixing ratios measured in the SFBA/SJV region,
we apply the chemical transport model (CTM) GEOS-Chem in a
tagged tracer mode using source apportioned EDGAR CH4 emis-
sions in California. GEOS-Chem model simulations were run for
January and February 2013 and compared to AJAX measurement
data in order to evaluate the model and emission inventory per-
formance in northern California during the Discover-AQ-CA ﬁeld
campaign. This work is beneﬁcial to recent research focused on
better quantifying CH4 emissions in California (e.g., Zhao et al.,
2009; Jeong et al., 2012, 2013; Miller et al., 2013; Wecht et al.,2014) by focusing on the source apportioned distribution of emis-
sions and atmospheric mixing ratios of CH4 determined through
the application of a 3-D CTM and awidely used emission inventory.2. Methods
2.1. GEOS-chem
The global/regional 3-D CTM GEOS-Chem (v9-01-03; http://
geos-chem.org/) was applied to simulate emissions, atmospheric
chemistry, and transport of CH4. GEOS-Chem is driven by assimi-
lated meteorological ﬁelds from the Goddard Earth Observing
System (GEOS-5) of the National Aeronautics and Space Adminis-
tration (NASA) Global Modeling Assimilation Ofﬁce (GMAO) (Bey
et al., 2001). The model was run in a regional nested-grid mode
with a horizontal resolution of 0.5  0.67 (latitude  longitude)
and 47 vertical hybrid sigma-pressure levels (including 14 levels
below 2 km) over North America. Transport of aerosol and gaseous
species is calculated every 10 min in the model using the scheme
described in Lin and Rood (1996). The planetary boundary layer
(PBL) mixing scheme used in this study is based on Lin andMcElroy
(2010) and takes into account the magnitude of atmospheric
instability.
A tagged CH4 tracer simulation of GEOS-Chem was applied in
order to track individual source types of CH4 during atmospheric
transport. The major sources of CH4 that are simulated in GEOS-
Chem are solid and water waste treatment, domesticated ani-
mals, rice ﬁelds, gas and oil, coal mining, wetlands (swamps, bogs,
tundra), and biomass burning (Wang et al., 2004). The majority of
ﬂux estimations are taken from the newest version (v4.2) of the
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emission inventory, the major natural CH4 ﬂuxes in GEOS-Chem are
from temperature and soil moisture dependent wetland emissions
(Pickett-Heaps et al., 2011) and biomass burning simulated using
version 3 of the Global Fire Data (GFED3) database (van der Werf
et al., 2010). Chemical loss processes of CH4 are calculated using
global 3-D hydroxyl radical (OH) concentrations predicted by
GEOS-Chem simulations of tropospheric chemistry (Park et al.,
2004). Additional CH4 sinks simulated in the model include
stratospheric oxidation (Considine et al., 2008; Allen et al., 2010)
and soil absorption (Fung et al., 1991). 3-hr dynamic boundary
conditions for nested CH4 model runs are prescribed from global
GEOS-Chem simulations with a 2  2.5 resolution. For all nested
and global CH4 simulations the model was spun up for 20 years
after initiation with realistic CH4 ﬁelds.
2.2. EDGAR CH4 emission inventory
The primary source of CH4 emissions used in GEOS-Chem is
from the EDGAR v4.2 FT2010 (hereinafter referred to as EDGAR)
emission inventory (http://edgar.jrc.ec.europa.eu). EDGAR provides
high-resolution (0.1  0.1) source apportioned CH4 emissions in
California from agricultural soils, agricultural waste and burning,
energy manufacturing transportation, enteric fermentation, fossil
fuel ﬁres, fugitive from solid, gas production and distribution, in-
dustrial process and product use, manure management, non-road
transportation, oil production and reﬁneries, residential, rice
cultivation, road transportation, solid waste disposal, and waste
water. In a previous study by Jeong et al. (2013) EDGAR and CAL-
GEM (California-speciﬁc) annual emissions of CH4 in California
were compared and it was determined that while both CH4 emis-
sion inventories displayed similar spatial distributions, the EDGAR
dataset resulted in ~35% higher amounts of annual CH4 emissions.
EDGAR CH4 emission data from 2008 (most recent data available)
has previously been source apportioned and re-gridded to the
GEOS-Chem resolution (0.5  0.67) (Wecht et al., 2014) and are
applied during this study. GEOS-Chem is run in a CH4 tagged tracer
mode which has separate tracers to simulate the source appor-
tioned atmospheric transport of 1) total CH4, 2) gas and oil (pro-
duction and distribution of gas/oil), 3) coal, 4) livestock (enteric
fermentation and manure management), 5) waste (solid waste
disposal (landﬁlls) and wastewater treatment), 6) biofuel (resi-
dential), 7) rice, 8) other anthropogenic processes (fossil fuel ﬁres,
agricultural waste burning, energy manufacturing and trans-
formation, industrial manufacturing and use, and road and non-
road transportation), 9) biomass burning, 10) wetlands, and 11)
other natural processes (termites).
2.3. AJAX airborne measurements
In situ measurements of horizontal and vertical CH4 proﬁles
were carried out onboard six AJAX ﬂights (ﬂight paths shown in
Supplementary Figure S1) operated from NASA Ames Research
Center, Moffett Field, CA (37.41N, 122.05W). Table S1 illustrates
the date, start/stopping time, min/max altitudes, and min/max CH4
mixing ratios measured from each individual AJAX ﬂight used
during this study. The CH4 airborne instrument (Picarro Inc., model
2301-m) is based on cavity ring down spectroscopy, a technique
which is widely reported in recent literature (e.g., Crosson, 2008;
Chen et al., 2010; Karion et al., 2013). The instrument is calibrated
using whole-air standards (National Oceanic and Atmospheric
Administration (NOAA) standards of 1.98569 ± 0.003 and
1.84362 ± 0.003 ppm CH4). Calibrations were performed before,
during, and after the Discover-AQ-CA ﬁeld campaign and the
resulting calibration factors applied to each raw CH4 measurementwere an average of these calibrations (calibration factor for CH4:
0.99933). Water vapor corrections provided by Chen et al. (2010)
were applied to calculate the dry mixing ratios of CH4 used dur-
ing this study.
Deviations in the instrument cavity pressure (from the set-
point of 140 Torr) resulted in a reduction in the instrument's in-
ﬂight precision. Therefore, if the recorded point-to-point change
in cavity pressure was outside of 140 ± 0.28 Torr (roughly equiv-
alent to 2-sigma in-ﬂight) the associated measurements of CH4 at
the point of deviation, and for a total of 3 s after, were discarded.
The overall uncertainty analysis (the square root of errors squared,
accuracy of the standard, precision (1-sigma over 6 min), cali-
bration repeatability, variance in-ﬂight due to cavity pressure
ﬂuctuations, uncertainty due to water corrections and measure-
ment pressure-dependence (based on previous environmental
chamber studies)) was determined to be 2.80 parts per billion
(ppb) for CH4.2.4. Model evaluation
During the model evaluation all in situ airborne data were
averaged to match the temporal, horizontal, and vertical resolution
of GEOS-Chem. To minimize the temporal differences between the
model and in situ measurements, airborne data were compared to
model predictions from each 10 min time step. These 10-
min model-predicted CH4 mixing ratios were applied during this
study, instead of the standard daily-average model output di-
agnostics, in order to account for the meteorological conditions
occurring during the time of each AJAX ﬂight. The basic statistical
parameters used during this study to compare model-predicted
and measured data include the correlation coefﬁcient (R), total
bias, root mean square error (RMSE), normalized mean bias (NMB),
and linear regression analysis.
The PBL mixing scheme used in GEOS-Chem vertically distrib-
utes CH4 in the PBL rapidly and the vertical layer which emissions
are injected in the model has minimal inﬂuence on model-
measurement data inter-comparison. However, this holds true as
long as the vertical model layer in which the measurement data is
taken resides in the PBL. In order to determine whether comparing
model predicted CH4 mixing ratios above the PBL to measurement
data causes bias in the results of this work we conducted a sensi-
tivity test in which only measurement and model data assumed to
be above the PBL (>1 km) were compared (~75% of AJAX data used
during this study was taken below 1 km). This sensitivity study
demonstrates that the model predicts CH4 concentrations in the
free troposphere accurately. The NMB during this sensitivity test
was ~0.5% (with a RMSE < 0.01) compared to 5.2% when using in
situ measurements at all vertical levels. This indicates that using
measurement data both in and above the PBL is justiﬁed during the
model evaluation.
In order to quantify the inﬂuence of global emission sources on
surface level CH4 mixing ratios in California, sensitivity studies
were conducted by setting all tagged CH4 tracer boundary condi-
tions to zero. Comparing the results of this sensitivity study to
baseline model simulations (including boundary conditions) allows
for the analysis of the magnitude of surface level CH4 in California
contributed from background/global sources. Additionally, to
evaluate the inﬂuence of individual emission sources on themodel-
measurement data inter-comparison, sensitivity studies were
conducted by applying tuning factors to source apportioned EDGAR
CH4 emissions rates in order to improve the model-measurement
CH4 mixing ratio comparison. This allowed for the better under-
standing of which individual emission sources were contributing
the most to model biases.
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3.1. CH4 emissions in California during Discover-AQ-CA
Figure S2 shows EDGAR daily-averaged emission rates of CH4
during the Discover-AQ-CA ﬁeld campaign. Elevated emission rates
are noticeable in northern California in the SFBA (>5 millimoles
(mmol) m2 day1) and SJV region (>1 mmol m2 day1). Ac-
cording to GEOS-Chem-EDGAR, total statewide CH4 emissions
during the Discover-AQ-CA ﬁeld campaign were 5.29 Gg day1
(Gg ¼ 1.0  109 g) (equating to ~1.90  103 Gg yr1). The SFBA delta
and northern SJV region sampled by AJAX ﬂights (indicated in
Fig. S2) proved to be important as it contributed 1.70 Gg day1
(equating to ~6.20  102 Gg yr1) (~32% of the state-wide total) of
CH4 during the Discover-AQ-CA ﬁeld campaign (see Table 2).
Table 2 illustrates source apportioned daily emission rates and the
percentage of total CH4 emissions from California allocated to each
tagged model tracer. According to EDGAR, the dominant sources of
CH4 emitted in California arewaste treatment (both solid andwaste
water), gas and oil production and distribution, and livestock
management. These three sources contribute >90% of the total CH4
emitted from California during the time period of Discover-AQ-CA.
Figure S3 shows source apportioned CH4 emission rates and the
spatial distribution of the fractional apportionment of total CH4
emissions from the dominant emission sources in California
derived from the EDGAR emissions dataset (waste treatment, gas
and oil, and livestock). From Fig. S3a it can be seen that emissions
from gas and oil production and distribution reach values
>5 mmol m2 day1 and are largest in the regions with highest
population densities. These emissions contribute largely to total
CH4 emissions (>40%) in the industrial regions of the SFBA
(Fig. S3d). Figure S3b shows that waste management processes in
the EDGAR inventory emit large amounts of CH4 in the industrial
regions of the SFBA (>5 mmol m2 day1) and contribute up to 50%
of total CH4 emissions in these areas (Fig. S3e). The third major
source of CH4 in California (as deﬁned by EDGAR) is from livestock
management and from Fig. S3c and S3f it can be seen that this is the
major emission source outside of the industrial regions of Califor-
nia. For instance, livestock management processes are the domi-
nant CH4 emission sources (contributing>70% of total emissions) in
regions of the northern SJV with large dairy cattle populations
(daily-averaged emission rates >1 mmol m2 day1).
3.2. CH4 mixing ratios
3.2.1. Model-predicted source apportioned CH4 mixing ratios
Column-averaged and surface level mixing ratios of CH4 pre-
dicted by GEOS-Chem are displayed in Fig. 1. From this ﬁgure it canTable 2
Source apportioned CH4 emissions in California during Discover-AQ-CA.
Tracer name Emission rate (Gg day1)
Waste 2.25
Gas and oil 1.40
Livestock 1.26
Other anthropogenic 0.13
Rice 0.10
Biofuel 0.07
Other natural 0.06
Wetlands 0.02
Biomass burning 0.00
Coal 0.00
SFBA/SJVa Total 1.70
CA Total 5.29
a Includes the region of the SFBA and northern SJV region sampled by AJAX
ﬂights (shown in Fig. S2).be seen that column-averaged mixing ratios of CH4 over California
are less spatially variable compared to surface level mixing ratios.
This is primarily due to CH4 being well mixed in the atmosphere
due to its long atmospheric lifetime. Regardless of the model-
predicted CH4 being well mixed, elevated mixing ratios of
column-averaged CH4 can still be identiﬁed in Fig. 1 over the re-
gions with the largest emission sources in California. Much larger
spatial variability is simulated for daily-averaged surface level
mixing ratios and largest values are noticeable over the SFBA
(>2.0 ppm) and in regions of the northern SJV (>1.9 ppm).
Fig. 2 shows the percent contribution of GEOS-Chem-predicted
source apportioned surface level CH4 (from the major EDGAR
emission sources in California (discussed in Sect. 3.1)) to total CH4
mixing ratios. This ﬁgure shows that source apportioned CH4
mixing ratios from gas and oil production and distribution, waste
treatment processes, and livestock management contribute signif-
icantly to total surface level CH4 mixing ratios in California. Spe-
ciﬁcally, Fig. 2a) shows GEOS-Chem simulates that gas and oil
production/distribution contributes ~14e17% of total surface level
CH4 mixing ratios in California with the highest contribution in the
industrial regions of the SFBA. Waste (waste water and landﬁlls)
treatment processes are also a major source of CH4 in the SFBA
contributing similar magnitudes and percent contribution values
(~14e18%) as gas and oil production (Fig. 2b). Fig. 2c) shows the
percent contribution of CH4 from livestock management processes
and suggest that these processes contribute ~19e22% of total sur-
face level CH4 in California with the highest contribution in the
northern SJV. While these percent contributions are signiﬁcant it
becomes clear that global wetland sources (largest global CH4
source simulated by GEOS-Chem) are also contributing to CH4
mixing ratios in California (Fig. 2d). Overall, GEOS-Chem suggests
that>75% of total surface level CH4 in California can be attributed to
the major local sources of CH4 in California (discussed in Sect. 3.1)
and global emissions from wetlands.
3.2.2. Model-measurement CH4 mixing ratio inter-comparison
In order to analyze model-predicted CH4 mixing ratios over the
SFBA and SJV regions of northern California, model-predicted CH4
mixing ratios were compared to data obtained from AJAX mea-
surement ﬂights. The AJAX ﬂights sampled the SFBA and northern
portion of the SJV which was determined to contribute >30% of all
EDGAR-predicted CH4 emitted from California (Table 2, the area
shown in Fig. S2). The time series of the comparison of atmospheric
mixing ratios of CH4 predicted by the model and those measured
during all AJAX ﬂights is shown in Fig. 3. From Fig. 3a) it can be seen
that the model captures the background mixing ratio of CH4
measured over the SFBA and SJV region (~1.85 ppm) and therefore,
no systematic biases in simulated values are attributed to global
GEOS-Chem CH4 simulations. However, data analysis (Table 3)
shows that the model demonstrates an overall negative biasFig. 1. GEOS-Chem-predicted a) column-averaged and b) surface level total CH4
mixing ratios (ppm) during the Discover-AQ-CA ﬁeld campaign.
Fig. 2. GEOS-Chem-predicted percent contribution (%) of source apportioned surface
level CH4 to total CH4 mixing ratios from the three major local emission sources in
California: a) gas and oil, b) waste management, and c) livestock and d) global back-
ground wetland sources, respectively.
Fig. 3. Time series illustrating in situ measurements of a) CH4 mixing ratios (ppm)
during the Discover-AQ-CA ﬁeld campaign (black line) and baseline GEOS-Chem pre-
dicted CH4 mixing ratios (red line). Additionally, this ﬁgures shows time series of in
situ measurements of CH4 mixing ratios (black line) and b) sensitivity model simula-
tions when EDGAR total CH4 emissions are increased by a factor of 1.3 (green line) and
2 (magenta line), when c) EDGAR livestock CH4 emissions are increased by a factor of 2
(green line) and 7 (magenta line), and when d) gas and oil (cyan line) and waste
(yellow line) emissions are increased by a factor of 2 and all other anthropogenic
(green line) and rice (magenta) emissions are increased by a factor of 5. Model and in
situ data are presented as a continuous time series but are in fact conducted on
separate days indicated on the x-axis (see Table S1). (For interpretation of the refer-
ences to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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AJAX data. Linear regression analysis further indicates the sys-
tematic negative bias in model-predicted CH4 mixing ratios as the
slope of the comparison in Fig. 3a) is ~0.20 (y ¼ 0.21x þ 1.68). From
Table 3 and Fig. 3a) it can be seen that the majority of this under-
estimation occurs during times in which the airborne data
sampled elevated CH4 mixing ratios. For example, on January 18
and 22, 2013 AJAX ﬂights measured CH4 mixing ratios that ranged
from background values to>2.5 ppm.While themodel does predict
increased mixing ratios of CH4 during these times, the model rarely
predicts CH4 values >2.0 ppm. From Table 3 it can be seen that the
negative bias on January 18 and 22, 2013 was up to nearly a factor of
2 larger compared to the entire AJAX measurement campaign. The
negative bias in GEOS-Chem, using the EDGAR emissions data, is
consistent with recent research studies which show that current
emission inventories under-estimate CH4 emissions in California
(e.g., Zhao et al., 2009; Jeong et al., 2012, 2013; Miller et al., 2013;
Wecht et al., 2014).3.3. Atmospheric CH4 source apportionment in the SFBA and SJV
In this section we analyze model-predicted source apportion-
ment of atmospheric CH4 mixing ratios in the SFBA and northern
SJV at the times and location of AJAX measurements. We focus our
analysis on times when the model largely under-estimates CH4
mixing ratios measured over the SFBA and SJV. Fig. 4 shows the
AJAX ﬂight path and measured CH4 mixing ratios on January 22,
2013 (red circle indicates a regionwhere elevated CH4mixing ratios
were measured and largely under-predicted by the model) overlaid
on the fractional source apportionment of total EDGAR CH4 emis-
sions. From this ﬁgure it can be seen that the region of elevated CH4
occurred over an area with emissions predominantly attributed to
gas and oil production/distribution and waste treatment processes
from EDGAR (Fig. 4a) and b)). However, when analyzing model-
predicted source apportioned atmospheric mixing ratios at the
time and location of each individual AJAX measurement (Fig. 5) it
can be seen that on January 22, 2013, and during all AJAX ﬂights,that CH4 emissions from livestock management is the local source
which contributed the most to total CH4 (excluding background
wetland CH4). This is partially due to the large background source of
CH4 from global livestock emission sources in EDGAR, however,
Fig. 5 also shows that when elevated CH4 mixing ratios are
measured on January 22, 2013, and on all other days, the fractional
contribution of CH4 emitted from livestock noticeably increases
while other local sources (gas/oil andwaste) decrease. This is due to
the fact that while the largest measured values of CH4 on January
22, 2013 occurred over EDGAR-predicted gas and oil and waste
treatment emission sources, south-easterly winds during this time
(see Fig. 4c)) transported CH4 emitted from livestock emissions in
the northern SJV over the SFBA delta region. The south-easterly
ﬂow demonstrated by the 10-m GEOS-5 winds in Fig. 4c) is in
agreement with back-trajectories simulated by the Hybrid Single
Particle Lagrangian Integrated Trajectory Model (HYSPLIT) model
(not shown). Overall, this section of the study demonstrates the
large heterogeneity of source apportioned emissions and atmo-
spheric mixing ratios of CH4 likely occurring in the SFBA and SJV
region of northern California (see Fig. 5) and model-predicted CH4
in this region is primarily (>80%) contributed from global wetland
emissions and global/local emissions from gas and oil, waste, and
livestock.3.4. EDGAR CH4 emission sensitivity studies
In recent studies it has been suggested that EDGAR total CH4
emissions in northern and central California are biased low by a
factor of ~1.3e2 (Zhao et al., 2009; Jeong et al., 2013). In parallel
with these results we increased total (including all CH4 sources)
Fig. 4. AJAX ﬂight path and measured CH4 mixing ratios (ppm) on January 22, 2013
overlaid on the fractional contribution of a) gas and oil, b) waste, and c) livestock
sources to total CH4 emissions derived from the EDGAR emission inventory. The red
circle indicates the location where the model largely under-predicts CH4 mixing ratios.
The black arrows in c) show the direction of the GEOS-5 10-m winds at the time of the
AJAX ﬂight on January 22, 2013. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. GEOS-Chem-predicted fraction of total CH4 mixing ratios attributed to wetland
(magenta), gas and oil (red), livestock (green), and waste (blue) emission sources at the
time and location of AJAX measurements during Discover-AQ-CA. The black vertical
lines indicate the location where the model largely under-predicts in situ CH4 mixing
ratios on January 22, 2013 displayed in Fig. 4. Model data are presented as a continuous
time series but are in fact conducted on separate days indicated on the x-axis (see
Table S1). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
Table 3
Comparison of model-predicted CH4 mixing ratios to in situ AJAX data.
Baseline model CH4 (ppm)
AJAX Flight Date Measurea Modelb Bias RMSE NMBc
01/16/2013 1.87 1.85 0.02 0.02 0.89
01/18/2013 2.08 1.89 0.19 0.20 9.46
01/22/2013 2.04 1.86 0.18 0.18 8.51
01/28/2013 1.91 1.89 0.02 0.02 1.13
01/31/2013 2.01 1.94 0.07 0.07 3.63
02/04/2013 1.93 1.94 0.01 0.03 0.47
Entire campaign 2.00 1.90 0.10 0.12 5.21
Sensitivity: EDGAR
emissions £ 1.3
CH4 (ppm)
AJAX Flight Date Measurea Modelb Bias RMSE NMBc
01/16/2013 1.87 1.90 0.03 0.04 1.85
01/18/2013 2.08 1.95 0.13 0.18 6.40
01/22/2013 2.04 1.93 0.11 0.17 5.78
01/28/2013 1.91 1.95 0.04 0.04 2.01
01/31/2013 2.01 2.06 0.05 0.08 2.31
02/04/2013 1.93 2.02 0.09 0.09 4.54
Entire Campaign 2.00 1.99 0.01 0.13 0.80
Sensitivity: livestock
emissions £ 7
CH4 (ppm)
AJAX Flight Date Measurea Modelb Bias RMSE NMBc
01/16/2013 1.87 1.88 0.01 0.02 0.58
01/18/2013 2.08 2.03 0.05 0.11 2.64
01/22/2013 2.04 1.98 0.06 0.10 2.59
01/28/2013 1.91 1.93 0.02 0.02 0.64
01/31/2013 2.01 2.05 0.04 0.08 2.01
02/04/2013 1.93 1.96 0.03 0.03 1.68
Entire campaign 2.00 1.99 0.01 0.07 0.79
a Mean value of in situ CH4 averaged in each horizontal and vertical model grid.
b Mean value of GEOS-Chem CH4 predictions.
c NMB are in percent.
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compared the model output to AJAX measurement data (see
Fig. 3b)). When applying a tuning factor of 1.3 to EDGAR total CH4
emissions it can be seen from Table 3 that the absolute value of the
NMB for the entire measurement campaign was reduced to <1%
(0.80%). However, the tuning factor of 1.3 led to decreased cor-
relation between measurement and modeled data and increased
RMSE values due to the over-prediction of background CH4 values.
It can also be seen in Fig. 3b) that when increasing total CH4
emissions in EDGAR by a factor of 2 themodel further over-predicts
background mixing ratios of CH4 measured by AJAX. Additional
sensitivity tests identiﬁed that increasing both gas and oil and
waste emissions separately by a factor of 2 (Fig. 3d)) in EDGAR led
to decreased negative model bias but also the degradation in the
overall model-measurement inter-comparison due to the over-
prediction of measured background CH4 values. These sensitivity
tests indicate that by increasing total CH4 emissions in EDGAR, and
those from gas and oil and waste treatment separately, led to over-
predictions of background mixing ratios in addition to the inability
to correct the under-prediction of in situ data over regions of
elevated CH4 mixing ratios.
In this study it was suggested that livestock management pro-
cesses in EDGAR was the local source with the largest contribution
to total CH4 measured during AJAX ﬂights in the SFBA and northern
SJV. Additionally, due to the fact that recent modeling studies have
suggested that EDGAR ruminant/livestock emissions in California
may be underestimated by up to a factor of 2 (e.g., Zhao et al., 2009;
Jeong et al., 2013; Miller et al., 2013) we increase livestock CH4
emissions in the EDGAR inventory by a factor of 2 and compare the
model results to AJAX observations. From Fig. 3c) it can be seen thatwhen increasing only the livestock emissions in the EDGAR in-
ventory by a factor of 2, GEOS-Chem-predicted CH4 mixing ratios
compare slightly better to AJAX measurements. The increase in
emissions from livestock management processes improved the
correlation between measurement and modeled data and
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large negative biases particularly during times when large mixing
ratios of CH4 were measured. To determine the extent to which
livestock emissions could be causing these large under-estimations
of CH4 mixing ratios over the SFBA delta region in GEOS-Chem,
livestock management emissions in EDGAR were increased by a
factor of 7. When applying the factor of 7 increase in EDGAR live-
stock CH4 emissions it can be seen from Table 3 that the absolute
NMB value is reduced to <1% (0.79%) while increasing model-
measurement correlation and decreasing overall RMSE. Linear
regression analysis of the comparison of predicted and measured
CH4 mixing ratios further indicates the improvement in the model-
measurement inter-comparison as the slope of the comparison is
increased to ~0.73 (compared to ~0.20 in baseline model simula-
tions). However, it can also be seen from Table 3 that increasing
livestock emissions by a factor of 7 does lead to some small over-
estimations on days in which elevated CH4 mixing ratios where
not measured, therefore, this factor of increase should be taken as
an upper limit.
In order to provide further conﬁdence that livestock CH4 emis-
sion was the primary source in EDGAR contributing to the overall
GEOS-Chem negative bias, we conducted two additional sensitivity
studies by increasing the next two largest CH4 sources in California
(all other anthropogenic sources and rice emissions) by a factor of 5.
The results of these sensitivity studies are shown in Fig. 3d) and it
can be seen that the scaling factors applied to both all other
anthropogenic sources and rice emissions separately resulted in
minimal increases of total CH4. This result further indicates that
livestock emissions are likely the main local source of CH4
contributing to the negative model bias predicted in northern
California.
The EDGAR livestock CH4 emission under-estimation suggested
in this study is slightly larger than that predicted in past inversion
modeling studies (e.g., Zhao et al., 2009; Jeong et al., 2012, 2013;
Miller et al., 2013; Wecht et al., 2014). For example, the study by
Jeong et al. (2013) andWecht et al. (2014) reported EDGAR emission
under-estimations up to a factor of 4 and 5 in regions with CH4
emissions dominated by livestock management processes, respec-
tively. While our results agree with past studies uncertainties do
exist in our baseline and sensitivity simulations. For instance, a
caveat to this study, and a possible reason that GEOS-Chem does
not fully capture the regions where highly elevated CH4 mixing
ratios were measured, is the fact that the model has coarse hori-
zontal resolution and is a diffusive Eulerian model. Additionally,
applying scaling factors to livestock emissions does not help
explain the error that could be due to uncertainties in the spatial
extent of CH4 emissions in EDGAR.
Scaling livestock emissions in EDGAR, in the region of northern
California sampled by AJAX (see Fig. S2), by a factor of 7 (upper limit
suggested by sensitivity studies) semi-quantitatively estimates
howmuch EDGAR livestock emissions should be increased in order
to match airborne measurements. This increase results in total CH4
emissions from California (spatial distribution shown in Fig. S4) of
~7.20 Gg day1 (~2.63  103 Gg yr1). This statewide total annual
CH4 emission estimate is larger compared to the a priori CALGEM
emission inventory (1.33  103 Gg yr1) but is in agreement with
recent inverse modeling estimates from Jeong et al. (2013)
(2.30  103 Gg yr1), Wecht et al. (2014) (2.86  103 Gg yr1),
and Santoni et al. (2014) (2.37  103 Gg yr1). Total statewide
EDGAR CH4 emissions from livestock were increased to
3.20 Gg day1 (~1.17  103 Gg yr1) which is ~44% of total CH4
emissions resulting in fractional source apportionment values in
better agreement with estimated emissions by Jeong et al. (2013).
This estimate of statewide livestock CH4 emissions has un-
certainties as EDGAR likely has systematic errors in other regions ofCalifornia not sampled by AJAX (e.g., recent studies have demon-
strated that livestock emissions from EDGAR are also under-
estimated in the southern SJV (e.g., Jeong et al., 2013; Wecht
et al., 2014)). Overall, the sensitivity simulations conducted dur-
ing this research exemplify, and agree with recent studies, in the
fact that EDGAR livestock emissions of CH4 in the northern SJV are
likely under-estimated and further research should be conducted to
better quantify emission rates and understand the physical process
controlling CH4 emissions from livestock management processes.
4. Conclusions
The thorough understanding of GHG emissions in California,
and associated source apportionment, is of scientiﬁc/political in-
terest as the State becomes more involved in policy designed to
control/reduce emissions in the future. During this study, source
apportioned CH4 emissions and atmospheric mixing ratios in
northern California were evaluated during the time period of
Discover-AQ-CA using model simulations and airborne measure-
ments. A tagged tracer mode of GEOS-Chem was applied during
this study using source apportioned CH4 emissions from the EDGAR
emission inventory. Model simulations were conducted for January
through February 2013 and compared to airborne in situ data
measured during AJAX ﬂights over the SFBA and SJV in northern
California.
During this study it was determined that the EDGAR emission
inventory estimates a daily-averaged CH4 emission rate of
~5.30 Gg day1 for the entire state of California. Of this total,
~1.70 Gg day1 (~30%) was suggested to be emitted from the SFBA
and northern SJV. EDGAR emissions suggest that the major sources
of CH4 in California are waste treatment (~43% of total), gas and oil
production/distribution (~27% of total), and livestock management
(~24% of total). Spatial distributions of total CH4 emissions in the
EDGAR emission inventory agree with California-speciﬁc emission
inventories (i.e., CALGEM) but differ in magnitude and source
apportionment. Elevated CH4 emission rates are predicted in
northern California in the SFBA (>5 mmol m2 day1) and SJV
valley region (>1 mmol m2 day1). This study shows that EDGAR
CH4 emissions from gas and oil production and distribution and
waste treatment are largest in the highly populated industrial re-
gions of the SFBA and livestock management is the major emission
source outside of the industrial regions of California and particu-
larly in the northern SJV.
GEOS-Chem, using the EDGAR emission inventory, predicts
surface CH4 mixing ratios on average >2.0 ppm over the urban
regions of the SFBA and>1.9 ppm in the northern portion of the SJV.
This study suggest that source apportioned CH4 surface mixing
ratios in California are largely inﬂuenced by global emissions from
wetlands and local/global emissions from gas and oil production
and distribution, waste treatment processes, and livestock man-
agement. When evaluating GEOS-Chem-predicted CH4 mixing ra-
tios over the SFBA and northern SJV using AJAX airborne
measurement data, it was determined that themodel demonstrates
an overall negative bias (NMB ¼ 5.2% and linear regression
slope ¼ ~0.20). This negative bias is pronounced during times in
which the airborne measurements were taken over regions with
elevated CH4 mixing ratios on January 18 and 22, 2013 when values
ranged from background levels to >2.5 ppm.
Sensitivity studies were conducted by applying scaling factors to
total and individual source apportioned EDGAR CH4 emissions and
comparing model-predicted CH4 mixing ratios to AJAX measure-
ment data. When increasing EDGAR total (including all sources)
CH4 emissions by a factor of 1.3, the model NMB value is greatly
reduced (absolute value <1%), however, this scaling factor leads to
decreased correlation and increased RMSE values due to the model
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apportionment analysis suggests that at the times and location of
AJAX measurements, CH4 from livestock was the largest local
contributor to total CH4. When increasing EDGAR livestock emis-
sions by up to a factor of 7, while keeping all other source appor-
tioned emission types constant, statistical analysis shows the
model-measurement data inter-comparison was noticeably
improved. Average absolute NMB values were reduced to <1%
while still accurately simulating background CH4 mixing ratio in
the SFBA and SJV. Most importantly, this factor of increase in
EDGAR livestock emissions reduced NMB on the days when
elevated mixing ratios of CH4 were measured by a factor of >2.
However, due to model caveats and uncertainties stated in this
study, and that the factor of 7 increase led to some slight over-
predictions on days when elevated CH4 mixing ratios were not
measured, this factor of under-prediction should be taken as an
upper limit. The factor of 7 increase in EDGAR livestock emissions,
in the region of northern California sampled by AJAX, resulted in a
statewide total CH4 emission rate of ~7.20 Gg day1
(~2.63  103 Gg yr1). Overall, this study is important as it exem-
pliﬁes, and agrees with other recent studies (e.g., Zhao et al., 2009;
Jeong et al., 2012, 2013; Miller et al., 2013;Wecht et al., 2014), in the
fact that EDGAR livestock emissions of CH4 in the northern SJV are
likely strongly under-estimated and further research should be
conducted to better quantify CH4 emission rates from livestock
management processes and improve the understanding of the
physical process controlling them.
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